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Electrohydrodynandc po;;er generation has becoas a field of 
intense interest dioring the past few years. The utilization of 
electric fields for pox.’er generation does permit the use of a light- 
er generator structixre Xi;hich is relatively free of r.oving parts. To 
date, most of the efforts in this field have been devoted to DC 
povTer generation. AC poxv’sr generation is also possible if travelir.g 
wave synchronous interactions , similar to those employed in the 
conventional synchronous generator, are used. 



An examination of the field equations of the SHD generator 
demonstrates that the expressions for the' develot>ed poxrer closely 
p>arallel those of the conventional synchronous machine. Considera- 
tion of the long wavelength limit shows that the poxrer expressions 
can be manipiolated in such a fashion as to infer an equivalent 
circuit model of the SKD generator xdiich is the e:cact dual of the 
cylindrical rotor synchronous generator equivalent circuit. 

A prototype EHD generator was built to demonstrate the quali- 
tative aspects of the device and to compare the performance of the 
generator xd.th that predicted by the equivalent circxiit model. 
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Reasonable agreement •with the model predictions ras achieved. 
The prototype demonstrated many of the associated problems vdiich 
must be overcome before the device ccin be optiinized. Careful design 
considerations can eliminate or reduce these problems appreciably. 
The AC traveling x-;ave synchronous generator shows promise of being 
able to compete with the DC SHD generator in a relatively short 
period of time. 
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Little attention has been focused in the past on the utilization of 
electric fields for power generation applications. It has long been 
realized that the power densities which can be generated by means of 
electric fields do not compare favorably vrf.th those which can be achieved 
by utilizing magnetic field interactions. Large magnetic field densities 
can be achieved through the use of ferromagnetic materials but this 
implies that the generator must inlaerently possess a high density factor. 
Weight was never a major problem in the past. However, the space age 
has novr imposed the possibility of a major v:eight problem, and the means 
by which poorer may be generated through electrohydrodynamic coupling has 
become a significant area of investigation. The major limitations on 
such devices is the electrical breakdown strength of the environment in 
which they are functioning, and the amount of charge which may be 
deposited on the fluid. 

Magnetic AC Synchronous Interaction 

The majority of standard AC power generating is accomplished through 
ferromagnetic synchronous 3 phase generators. These machines utilize 
the interaction of two sinusoidal magnetic fields rotating in space at a 
synchronous speed. One of the fields, the rotor field, is obtained by 
applying a DC voltage to the rotor of the machine through slip rings. 

The sinusoidal distribution is achieved by the ;>iinding connection on the 
rotor. V/hen the rotor is t-urned by means of a prime mover, the nagnetic 
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field becociss a sinusoidal rotatins (traveling) xiavs in space. The 

rotating stator magnetic field is also achieved by blinding considerations. 

The windings on the stator are distributed about the inner periphery and 

are specially phased at an angle of ?60 electz^cal degrees apart where n 

n 

represents the total phases in the stator vjinding. As the rotor svrasps 
past the windings, a sinusoidal standing wave voltage is induced in each 
of the phases. This voltage gives rise to a sinusoidal magnetic field 
in each phase, whose amplitude is dependent upon the load demands placed 
on the generator. The resultant irave of the n- phased standing magnetic 
fields is a rotating sinusoidal magnetic field. Thus, the rotor and the 
stator fields both rotate in space at the same sjmchronous speed although 
they are spacially separated by an angle G. (This angle will change 
whenever the magnitude of either the rotor field or stator field is 
changed , ) 

The expression for the electromechanical power developed by such a 
device can be simplified to the following form? 

(0 sin € (1) 

where, u is the synchronous angular frequency 

Fj, is the magnitude of the rotor M-iF wave. 

Fg is the magnitude of the stator I-H-IF wave. 

is a constant reflecting dimensional factors of the 
generator and the penneability of the air gap. 

€ is the special phase angle by which the rotor field 
and stator field are separated. 



EHD %nchronous Interactions 



Turning oxar attention to EHD synchronous machines, it can easily 
be demonstrated that marked similarities do exist between the behavioral 
characteristics of the EHD machine and the magnetic AC synchronous 
machine. Consider a linear synchronous machine of the basic form sho;-m 
in Figure 1. 

= Ee 

= Re U 

d (b) 

u. 

= Re Ifeo(wt-kx) 

V = V^^e^jS 

Figure IC A linear Synchronous AC Machine. 

A very thin stream of ch-arged particles , whose vri.dth extends into 
the paper, moving with a velocity U is introduced into a chamber. The 
stream of particles may be described as = Re 0© ^jCmt-iOc)^ where k 

is the wave number and is equal to 2 tt • X is the vravelength. ^ is 

X 

the magnitude of the maximum surface charge. The relationship between 
k, 0 ), and U is as follows t v 

U = f X = jii X = ii (2) 

2tt k 




The walls of the chamber have a sinusoidal traveling voltage wave 
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impressed on them v:hich has the form V = Re V The voltage 

wave is moving doT-m the channel x-dth the sar^ velocity as the streara of 
charged particles. The tins dependence of both sinusoidal distributions 
is the same, thus the voltage wave and the stream of charged particles 
are locked in sjuichronism -as they move dox-m the channel. The complex 
voltage V = Vq where 5 is the spatial phase angle betw-een the 
particle stream and the impressed traveling voltage. Traveling voltage 
waves may be approximated by electrodes, suitably spaced, x>rhich have 
n-phased and properly sequenced voltages impressed on them. The EHD 
machine channel is perfectly symmetrical xdth respect to the particle 
stream. 

The solution to the field problem suggested by this configuration 
is developed in Appendix A I. The final result shows that the electro- 
hydrodynamic power developed capable of being converted to electrical 
energy is • 

= ^e' sin 5 

This equation may be • modified to the f ollox-ring form by simply 
changing the constant term of the equation i 

P.' = Kg (j ](o sin 6 (3) 

d 2 €o 

where ^ represents the order of magnitude of the maximum 

d 

fiold intonsity which can be anticipated in the channel if the voltage 

alone were present ^ (Ey*)# ^d is the riaxLinuin field intensit;y 

2c Q 



wave 
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just above or below the streajri of charged particles due to the presence 
of the charge alone (®cr). 

Thus equation ( 3 ) nay be re>7ritten in the following fornt 

P(i* = Kg 0) ^ 

irfiere w is again the synchronous angular frequency and Kg is 
a constant reflecting the dimensional factors of the generator and the 
permittivity of free space. 

Equations (l) and (4) are identical in format. Thus the electric 
and magnetic field synchronous interactions suggest that a possible 
dualism exists in these mechanisms. 

Generator Behavior in the Presence of a 
Continuous Resistive Loading 

The next step in the analysis of an SKD synchronous generator is 
to consider pure generator action. This entails the introduction of the 
stream of charged particles, but the traveling voltage x^ave is induced 
on the electrodes by the charge. This is analagous to inducing a 
voltage in the stator xnndings of the standard synchronous machine 
through electromagnetic coupling. The loading of the generator x-dll 
be accomplished by connecting a continuous resistive load to the genera- 
tor channel. The load is connected to a ground plane ;:hich is held at 
a zero potential. The load is described by a linear conductance of G 
irihos per meter in the X direction. Figure 2 shox;s a diagramatic model 
of the generator in the loaded condition. 




i 
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Figure 2‘ Top View of a Continuovisly Loaded AG 
EHD Synchronous Generator 



The field equations of this model are developed in Appendix A II. 
The final expression for the tiine avei*age power per unit length 
delivered to the load is I 



<^ 1 > = 



G 


sinh kb 


2 


2 


- 2€ok . 





/ G 

cosh^ k(b+d) +(was< 5 ky sinh kb^ cosh^ kd 
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Although the equation appears quite complicated, consideration of the 
long 'vmve length limit which implies that b or d, simplifies the 
equation to the folloi-iing formi 



< _ G o a ^ 

8 [w^ a^ b^j 



Appendix A HI rearranges this equation in such a manner as to suggest 
an equivalent circuit model for the machine which is sho^-m 5 ji Figure 3* 




R = l/G 



Figure 3* The Proposed Equivalent Circuit libdel for 
the EHD Synchronous Generator. All 
quantities are for a per unit length basis . 

The equivalent circuit applies on a per unit length basis . If. the 
unit length selected is that of the electrode T-ldth, then the circuit 
represents an equivalent circuit model for each pair of electrodes. 
This circuit verifies the dualistic behavior of the t^ro types of 
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synclironous machines, since the equivalent circuit of the synchron- 
ous ferromagnetic generator is a voltage source in series vri.th an 
inductive reactance and a load impedance* 

l^ajd-Eiom power transfer in such a circuit is achieved when the 
resistance is equal to the shxmt capacitive reactance. A grap’nical 
representation of pox-rer delivered to the load as a function of load 
resistance is shoxm in Figxire 4. If the load resistances can be 
achieved, the curve can be the basis for checlcing the validity of 
■the model. 




figure h' The variation of pox-rer delivered to the 
load as a fxinction of load resistance 
for the proposed circxiit model. 

# 

Although the entire dex/elopment of the electrohj'-drodynamic 
syncluronous interaction principles is based on a continuum medixim, 
the utilization of discrete electrodes does permit the continuxin to 
be approached experiii:ental3y. 
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DBSCIOIPTlOrl A?ID DESIGN HISTORY 
OF THE GE^SRATOR 

The generator was priKariHy a t-iind tunnel type of stntctiore. The 
main air stream velocity (U) was provided by a 250 C?^! axial flow fan 
>/ith a three phase induction motor drive. The air velocity x.;as 
controlled by a three phase rheostat in the supply line which governed 
the slip of the induction motor- A diffuser section of plexiglass and 
wood concentrated the air stream before entering the main generator 
section. An aluminum flow straightener was mounted in the diffusei*. 

The two remaining sections, the exciter and the electrode chamber, vrere 
the primary components of the generator. 

The Exciter 

The excitei^ provided the stream of charged particles for the 
generator. The first attempts to investigate a possible exciter used 
a fine tubing mechanism which released pcirticles under a pressure head 
into the air stream. These particles were subjected of a charging 
potential of 2000 to 4000 peak volts at a 60 cycle per second frequency. 






e design of the exciter section is the product of a concurrent thesis, 



For a more elaborate discussion of the exciter see TR/iVELING V7AVE 
CHA.RGSD PARTICLE GENERATION, L. HEROLD, SM Thesis, I-^assachusetts 
Institute of Technology (1967). 



I 
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( Sixty cycles per second were used throughout the experii^ent . ) The 
output signal vjas very random, primarily due to the fact that the release 
of particles in this manner was itself random. lirltiple tubes were then 
used, but much of the same effect v;as noted. Next, commercial spray 
nozzles were tried. These nozzles released a spray of very fine particles. 
An annular electrode v:as mounted near the nozzle throat , and with a 
charging potential of only $0 volts K'3, a relatively pure sinusoidal 
output was achieved. Peak signal strength vras increased by tv:o orders 
of magnitude due to the increase in charge transporting capability which 
is fimctionally related to the concentrated field strength and the 
increase in particle density. Random signals were no longer encountered. 
The conmercial nozzles suffered from the fact that they had to be mounted 
perpendicular to the air flov/ and a majority of the particles simply 
sprayed on the opposite sides of the electrode chamber • A large 
percentage of the charged particles were lost before they effectiveljr 
interacted vd.th any of the electrodes. 

The commercial spray nozzles , however , determined the subsequent 
design patterns which followed. It was evident that small panticles 
in copious quantities were necessary, and that reduced charging 
voltages could accomplish the desired effect easily if proper field 
strengths were used. A series of spray nozzles was then designed which 
introduced fine particles directly into the air stream from thin ele- 
ments mounted vertically in the air flow. The final designs used an 
ejector principle to introduce the particles into the air stream. 
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Perpendicular T'Tater headers viere mounted on the exciter walls . Thin 
tubular connections led from the header to the verticle elements. 
Compressed air was introduced at the top and bottom of a circular 
section drilled through the center of the vertical element. The air 
was released through small nozzle outlets mounted in the dot>mstrean 
face of the vertical elements . The exhausting air created a vacuum 
in the header and the water was drawn up into the header from a water 
resevoir and forced out through the nozzle openings. The electrode 
for charging the particles was painted on the dovmstream face of the 
vertical element with a silver conducting paint. The upstream face 
was ellipsoidal in shape to reduce air turbulence, while the down- 
stream face was a blunt flat surface. The water connection was used 
for a groiind point . A charging potential -of 200 volts RIIS produced 
an increase in peak signal strength of two more orders of magnitude. 

A net overall improvement of five orders of magnitude in the ratio of 
peal: output current level to charging potential vjas achieved in reach- 
ing the final design. Figure 5 shows the exciter section which was 
used in making the load measiirements on the generator. Another 
exciter section releasing particles ixnder air pressure is shoxjn in 
Figure 6. 






I 
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Figiire 5* The exciter section used for measuring 
the generator performance . Note the 
vortical headers and the connections to 
the vertical elements. The nozzles are 



mounted in the face 






Figure 6 ‘ An exciter section delivering a stream of 
water particles. 
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The Electrode Chariber 

The exciter section raarried directly to the electrode chardser. 

The electrodes v;ere painted on the interior of the channel with a 
conducting paint. There v/ere eighteen psd.rs of electrodes in all. 

The electrodes had similar dimensions, one inch in ’[•ri.dth and foxir 
inches in height. Connections led from the electrodes to the exterior 
load resistors. In addition, one megohm resistors are connected in 
series wd-th the load resistances for curi*ent measurement purposes. 
Resistance levels in EKD applications are so high that one megolin 
approaches short circuit conditions. 

The electrodes, in addition to being one inch vjide, vrere spaced 
one inch apart. These distances were selected so that the inter- 
action of the particle stream and the traveling vjave could be studied 
using impressed high voltages from a six phase transformer. These 
distances -vrould allow a pealc potential difference of 30 KV between 
electrodes before breakdox-m x-70uld occur. Hovrever, this latter group 
of e:q>erirr!ents ivas abandoned because it xrould add little additional 
insight, and was relatively difficult in comparison to the pure 
generator studies. 

The channel was constructed of 3/8 inch plexiglass and x-ra.s 3o 
inches in length, 2-1/4 inches in width, and had an overall height 
of 6-1/4 inches. These dimensions were the inner dimensions of the 
channel. The contemplated wavelength w^s to be one foot x-ith six 
electrodes per vraveler.gth . This wmive length x-jould require a Ixrinnr 
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flow velocity of 60 feet per second. Although the flow velocity v.’as 
achievable with the fan used, conditions were turbulent rather than 
laminar, and the use of compressed air in the exciter did not improve 
conditions either. The compressed air alone yielded a flov? velocity 
greater than 60 feet per second. The actual wavelengths achieved 
were much greater than one foot, but the ratio of wavelength to the 
width dimension permitted the use of the long wavelength limit in the 
solution to the field equations. Figure 7 shows the entire generator 
assembly. 




Figure !'• The entire generator assembly. Note the electrodes 



and load resistor connections. 



- 16 - 



RESULTS 



The design of the basic generator was centered around practical 
considerations and the availability of materials » This , ho^rever , 
introduced sevei*e limitations • The f lox; velocity of the fan \r&s in 
a region of narked turbulence. The interaction of the nozzle air 
supply td-th the fan was such that control of the resultant velocity 
of the air stream was limited to a sanll range, llich higher veloci- 
ties are necessary to contain the sprea.d of the particle flow, and 
these higher velocities in turn mil more closely approach laminar 
flovr conditions ■'.-dthin the channel. 

Wetting of the channel proved to be a severe problem also 
because of its effect on the loss of effective charge. Figures 8 
and 9 show the rapid deterioration of the signal in the charinel. The 
combination of turbulence and wetting yielded an erratic current level 
pattern but the pattern basically repeated itself xmder all conditions 
of load. Uniform ciirrent levels x-jere finally obtained near the end 
of the channel x-diere ttirbulence effects can be considered mollified 
and the vretting was sever© but uniform throughout. However, the out- 
put current in this region ms drastically reduced. 

Another effect noted was the fact that the rate of whetting can be 
tnci*eased by increasing the charging voltage on the exciter. This was 
to be ejroected because of the inci'easing repulsive foi'ces betvreen the 
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particles. Cnee v:ettin 2 had started, it continued until it reached 
an equilibriura satui’ation point and little cou].d bo done to halt its 
progress i-ri.th the present design. 

In order to test the validity of the circuit model approach to 
the entire generator, some adjustment in the theory was necessary 
because of the varia.tion in the output current levels. To this end 
the entire generator x:as modeled as a device containing three bands 
of current generators vn.t}i six generators per band. The current 
generators in each band possess a current wliich is an average of 
the current levels in each of the three bands. Figures 8 and 9 also 
show the band level selected. Passive paramstersfor the equivalent 
circuit were chosen from typical electrode loading behavioral 
characteristics for each band level. 

Equivalent Circuit Ibdeling of the C-enerator 

The behavior of electrodes under conditions of increased resis- 
tive loading are shoim in figures 10 and 'll. The electrodes shovm 
(2, 9» and l6) were typical of the behavior in each band. The 
reactance was computed at two charging voltages and averaged. Only 
a minor discrepancy was noted in each case , and tliis ;;ould be 
consistent x-jith normal data error. 

The manner in x^rhich this was done can be ascertained by a qxiick 
look at the equivalent cirexoit. 
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V = ".i Xc 

R - j Xc 



= ipip* = Xc^ 

r 2 + Xc2 
R 



Xc = V (^o/^r) ^-1 



1 

C = u Xc 



The current at a load resistance of one inegolin effectively repre- 
sents a short circuit current v.iiich -.rould be the current of the current 
generator or i^. The current at a load resistance of 100 megolins was 
selected for ij.. This was obtained fron figures 10 and 11. 

In order to correct for curi’ent levels an average current based 
on a square root appro:d.nation v^as used for each band, that is 

Xq = aJ ^^n) ^ 

^ n 
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Six pair of electrodes- e:d.st in each current band, hence n = 6. 



The 


results of the 


calculations are t: 


ibulated belov;: 




Electrode 


Xc(H-a) 


C( uuf /electrode ) 




^0 (ua) 
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1.017 
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20,4 


.376 


.670 


16 


124 


21.5 


.221 
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In order to test the validity of nodeling the generator in this 
fashion, the poxrar output of the model ■ira.s computed for several values 
of load resistance and compared to the experimental values achieved. 
Pigure 12 shov<"S the results of this comparison. A reasonable agree- 
nsnt is acliieved so that some validity appears to exist for the 
derived circuit model. 



V/avelength Pbasurements 

One rather obvious fact not mentioned as yet is the phase delay 
which occurs in the induced voltage on the electrodes. This is 
related to the frequency, particle velocity and the distance of the 
electrode pair from a given reference electrode. Let electrode pair 
A be the reference electrode, and electrode pair B be another elect- 
rode located a distance L dox-mstrean from A. The voltages induced 



in A and B would then bei 
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= Re Vg 

= Re Vb £^(ojt-kL) 

Many inportant relationships can be deduced from the phase shiTt 
angle Q since I 



e = kL = 2 u L = 2tt f L = wJL (5) 

^ Vp Vp 

Therefore, the wavelength and the particle velocity may be measured 
directly from phase shift considerations. Since the pressure and 
velocity in the channel x%ere continually changing, the values 
inferred by these measureti^nts vrere an average value. The accuracy 
of phase sliift measurerjents from an oscilloscope is somewhat limited, 
but significant changes can yield appreciable insiglit. 

Wavelength measurements vrere talren under tvro loading conditions 
at the entrance and exit ends of the electrode chamber. The results 
are tabulated below: 
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73.5 
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In ordsr to check the relative magnitude of these quantities , 
manometer readings were taken at the beginning and end of the 
channel to measure the flow velocity. Those readings indicated an 
entrance velocity of 77 feet per second and an exit velocity of 67 
feet per second. Complete agreement between the tv;o measurements 
is out of the question since the manometer is measuring the velocity 
at a discrete point in a turbulent air flov;, while the oscilloscope 
measurements are based on an averaging process. The agreement 
botvreen the velocity figures is satisfactory, however. 

The changes in wavelength do demonstrate the increasing inter- 
action of the particles and the induced voltages as the load resist- 
ance is increased. VJhether or not this is directly related to the 
slip indicated by the negative stress tensor of Appendix A I is 
questionable at this point, but the results do demonstrate that the 
change in vravelength is greater in the entrance portion of the 
channel where the effective charge is proportionately greater. 




{ 
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CONCLUSIONS Ai'ID Ii2C02I;Ein).'jri0NS 



The basic premisQ of the thesis vras to denonstra.te the qualitative 
aspects of an EHD traveling-vjave synchronous generator. Tliis has been 
accoraplished. The proposed circuit nodel does seem to predict the 
generator behavior trithin tolerable Hrits. In addition, the phase 
shift Ejeasurements do demonstrate the interaction of the charged parti- 
cles vrf.th the induced voltages. 

The generator has also clearly shorn the conflicting problems vrhich 
are inherent in the design of such a system. Ss'/eral of these have been 
ignored in the discussion so far, but are mentioned in the follo’/jing 
list of salient considerations for perfecting the design: 

f 

1. The floir velocity used is in 'a region of a turbulent Reynolds 
niamber. 2iich higher velocities vd.ll be necessary to counter- 
act the turbulence effect. 

2« The inherent spreading characteristic of a nozzle causes the 
'electrode channel to wet. This reduces the effective charge 
present in the channel. Higher flovr velocities should help 
to reduce this effect, but nozzle devices are necessarj" for 
providing the copious quantities of charged particles needed. 

5. Data from the exciter indicates that the charge deposited on 
the water droplets is dii-ectly proportional to tho charging 
potential in the charging potential regions tested. Increas- 
ing the exciter voltage increases the explosion tendency 
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of the particle beam and hence promotes vetting. 

kt External capacitive effects are far greater than anticipated 
from the predicted values. The capacitance is an order of 
magnitude greater th.an the preliminary estimates suggested. 

It is this capacitive effect whJLch leads to the early loading 
of the generator. liich of this capacitive effect may be in 
the lairing leads, and can be eliminated easily. 

5» The generator is capable of operating advantageously ’.d-th 
electrodes connected in parallel if lar.-dnar flovj- conditions 
can be approached and the capacitive effects reduced. 

6. The feasibility of operating the generator self excited 
seems very plausible as design improvements are incorporated 
into the basic device. 

7. The dimensions of the electrodes need to be optirdsed. 

8. Particle size and mobility need to be studied in much 
greater detail. 

The problems which must be overcome in order to perfect this type 
of system are qiiite niunerous and will entail considerable time and 
genius but certainly many improvements are capable of being incorpora- 
ted into the basic design. 

The relative merits of this prototype should be studied in ccmpari- 
son to recent developments on a DC EIID ballistic generator. 
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cvirrents achieved on this device have approached 260 \i, a ■;rith a charg- 
ing potential of 50 The ratio of output cuivent to charging 

potential in the DC device is 5*2 X 10”^. The AC device produces a 
ratio of peak current to peak charging potential of 5»02 X 10 “ 9 , 
Paralleling of electrodes in the AC device can isiprove staging outputs 
far beyond this level. Grids must be employed in order to stage the 
DC output. 

The prototype has demonstrated that the future does hold some 
promise for AC EHD generators. The problems in perfecting the design 
are recognizable which is the first step in achieving a practical 
engineering system. 
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APPSIsDlX A I 



DERIVATION OF THE EXPRESSION FOR DEVELOPED EHD Pa-/ER 



- 31 - 

Derivation of the Expression for Developed SrlD Power 



= Re ^QO(wt-kx) 
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V = Re VeJC'Jft-kx) 
V = Voe:3S 



Figure A- 1-1. Top viex>r of an AC EHD synchronous generator 

In regions (a) and (b) Kaxi-:ell's equations yield the following! 

S = 0. (A-1-1) 

Therefore, E = - and (A 1-2) 

= 0 (A-1-3) 

Equations (A-1-2) and (A-1-3) imply that LaPlace's equation must hold 
in these regions. That is 

V2^=0. (A-l-Zf) 

Finally, because of the traveling wave dependence ^ raust be of the fom 
? = Re ? (y)eO(ajt-kx), The geonetr^' of the configuration in view of 
LaPlace*s equation generates the form of the solution, which is! 

cosh ky + B sinh ky (A-1-5) 

^ = 6 cosh ky + D sinh ky (A-1-6) 

Sufficient boundary conditions exist to evaluate all of the 
constants. They are as follows! 

(1) At the electrode bo\indarj' the potential is V. 
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= V ^(-d) 

A cosh kd + B sinh kd = 

C cosh kd ” D sinh kd = V 



/N 

V 



(A-1-7) 

(A-1-8) 



(2) The tangential component of the electric field must be 
continuous at y = 0, 

^ = 6" (A-1-9) 

(3) Th© noimal component of the electric field at y = 0 must 



equal ^ , that is - ~ 



by 



by 



- fcB + k6 .= ^ 



(A-1-10) 



The boundary conditions may be summarized as follows, using matrix 
notation . 



















cosh kd 
0 


0 

cosh kd 


sinh kd 
0 


0 

-sinh kd 


• 


A 

C 


_ 


V 

V 


1 


-1 


0 ■ 


■ 0 




Z*' 

B 




0 


_ 0 


0 


-1 


1 








fo/kCo 



In order to determine the electrohydrodynamic power which is avail- 
able for extraction as electrical power, it is necessary to determine the 
time average retarding stress tensor acting on the stream of charged 
particles. The total stress tensor 

= force per unit area on the stream. 



r - rf a _ <h) 

•x “ 'xy ixy-' 



T a 

'xy 

'Tb 

'xy 



(A-1-11) 



j 



( 

I 

i 



Therefore, == €<5 



= €oSx (%^ - V^ 



(y=o) 



(y=o) 



(A-1-12) 



The time average value of rnay be eDipi'essed. in the foUovring fashion: 



<Tx> = l/2<c I ( j 



(A-l-13) 



Evaluation of the desired quantities reduces the expression to the 
constants of the field equations. 



Ex = - 



(y=0) = - jlcA 

(y=o) = - 3 k 
Ey^ (y=o) = - D k 



<T^> = 1/2 €0 ReJk^A’"(B - D) 



(A-1-14) 

(A-l-15) 

(A-l-16) 



Symmetry reqxiires that 3 = - D, 

<Ty> = E 



(A-1-17) 



Evaluation of the constants from the matrix shows that, 



A = V 



cosh kd 

B = A. 

2kc^ 



+ ^ tanh kd 

2k€n 



(A-1-18) 



(A-l-19) 



Substitution of equation (A-1-18) and (A-1-19) into equation (A-1-17) 
yields the desired resxilt. 
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<Tj^= “ Ra.ikV*^ = - sin 5 ' 

2 cosh kd 2 cosh kd 



(A-1-20) 



The time average electrohydrodynajriic developed povrer capable of 
being extracted from the stream is i 






(A-1-21) 



where A is the total lateral area of the stream. If the 
chamber has a length L, and an effecti‘</e electrode or stream height a, 
then the power may be expressed in the follox.-ing forms: 






2 cosh kd 



= 2tt''o o 



2X cosh kd 

V cr 

o> o o 

2 cosh kd . 



L a U sin 5 
L a U sin 6 
L a sin 6 



(A- 1-2?.) 
(A-1-23) 
(A-1-24-) 



where co is the s^mchronous. frequency of the system. 



Since discrete electrodes are being usedi the e:-qjression for power 
developed should be corrected to reflect the fact that the interaction 
occurs only when the charged particles are xinder the influence of the 
electrodes. If an area efficiency is defined, then a proper correction 
factor may be applied. 



A electrod es 

Tia = A lateral (A-1-25) 

^jumber of pairs of electrodes x electrode area 
'Ha= A. lateral 

= Nac = ^ 

aL L (A-1-26) 

where N = num’^er of p'irs of electrodes 



c = electrode '.d.dth 
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"'d’la 



V 0“ 

“ (j) o o sin 

cosh kd 

V ^ V • c 

= Kg o sin 0 



6 



(A-1-27) 



I 

I 



I 
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APPEl'IDIX A II 

DERIVATION OF THE OUTPUT PaTSR DEIIVSPED TO A 
COflTINUOUS PE3ISTIVE LO;\DIMG 



I 
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Dei*ivation of the Output Power Delivered to a 
Continuous Resistive Loading 



The system is nov; depicted as shovm in figure A- 2-1. The segris>nted 
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b region (d) - RejJ'^ g^3(wt-.<x) 
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Figure A-2-1. Top View of a Continuously Loaded AC SED 
Synchronous Generator 



electrodes are distributed along the X axis and at Y = -2d. The generator 
is again symmetric about the stream of charged particles , so that the 
solutions to the field equations for the upper regions (a) and (b) are 
equally applicable to the lovier regions also. The resistive loading 
connects the electrodes to ground planes which are located at Y = b, 
and Y'= - (b+d). The electrodes have a height "a" vihAch erctends into 




i 
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the paper# 

The end view of the generator is as sho'.m in figure A-2-2. The 




resistive load my be assumed to have a conductance of G mhos per meter 
in the X direction. The end view again demonstrates the sjrrr.eti’y of the 
generator. In view of the symmetry involved, the potential nay be 
ass^lm^d to have a distribution of the form shovm in figure A-2-3* 



II II II II II II n II n / 



region (a) 



region (b) 



U 



region (c) 



region (d) 



\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 



Figure A-2-3# Potential Distribution of a Continuously 



Resistive Load 
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In order to evaluate the entire solution, it is again necessary 
to consider the boundary conditions. These 

1# The normal component of the electric field at y = -d must 
be equal to That is 

(y = -d) dy 






(y = -d) Co 



(A-2-1) 



In addition syninetry requires 

by 



= zLil 

(y = -d) Cy 



(y = -d) 



so that equation (A-2-1) reduces to 

-2^(-d)=^ . 



(A-2-2) 






2. The potentials niist be continuous at the electrodes. 

( 0 ) - P ( 0 ) = 0 



(A-2-3) 



3» At the ground planes , the potential is defined as the 
point of zero potential. 

?a(b) = 0 



(A-2-4) 



4. Conservation of charge on tho electrode surface provides the 
final boundary condition. If v;e define the charge per unit 
length in tho X direction as qg, then tho normal components 
of the electric field require that 



I 




-IKK 



qg = -a^o 












. ^ 


(y=o) 


6y 


(y=o) 



(A-2-5) 



Considaring the conductance par unit length in the X 
direction across an electrode of height a., conservation of 
charge states that 

= ?^(0) G. (A-2-6) 

6t 



Substitution of equation (A- 2-5) into (A~2-6) yields the 
final result. 



j to a 



^ ( 0 ) - ^ ( 0 ) 



= G ?a(o) 



(A-2-7) 



The singularities in the charge distribution at the boundaries 
require that the solutions be at least piecet-d.se continuous. The 
traveling v;ave dependence of Of requires that the solution be of the 
fom = Re (y) In addition, La Place's equation holds 

in regions (a) and (b), hence the geonotry suggests the form of the 
solution . 

= k sinh ky + B cosh ky (A-2-8) 

^ = C sinli ky + ? cosh ky (A- 2-9) 

.The boundary conditions my no:-: be ret-ritten utilizing the knot.Ti 
form of the solution. Equation (A-2-2) requires that 

2 Cok [c cosh kd - F siifi kdj = - 0^ (A-2-1D) 



I 



I 





Equation (A-2-3) requires that 



B - F = 0 (A-2-11) 

while equation (A-2-^) states that 

A sinh kb + B cosh kb = 0. (A-2-12) 

Finally, the fourth equation corces from (A-2-7) ■vjhich 
states that 

j to a Cq k[A “ Cj = G B» (A“2“13) 

These results may be summarized in matrix form as follows : 



0 


0 


cosh kd 


- sinh kd 




A 




O 
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-1 
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sinh {de 


cosh kb 
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0 




C 




0 
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jG/waCok 


-1 


0 




F 




0 



In order to determine the power output per unit length, it is 
necessary to consider a slight digression at this point. The power 
delivered to the resistive load is Pq_. 

= G ?^(0) 2 (A-2-14) 

On a time average basis this reduces to 

<P,> = G ?^(0).?^*(0) = G B.B* 

2 2 



(A-2-15) 



i 



I 
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Thxas tho tnatrxx need only be solved for B to deterrdne the output 
power . 



B 



o sxnh ko 

2€ok 

cosii k(b4d) - (oas^k sinh kb cosh kd 



(A-2-16) 



Thus, the time avei*age power delivered to the load per unit length 
is as follows! 



<Pl> = 



G 

2 



sinh kbl^ 



2s ok 



(A-2-17) 



cosh2 k(b+d) 



/-M 

+ vcoaSok^ 



sinh^ kb cosh^ kd 



A brief exai^jination shows that an optimim value of G e:d.sts for 

maxiravtra povrar transfer, 



^opt 



tja^ok ( cosh k(b-^d) ) • 

sinh kb cosh kd 



(A-2rl3) 



Therefore; the maxxmum poirer transfer rcey be determined. 



max 



sinh kbi ^ 

*^opt L 2s ^^k J 

4 cosh^k(b-Hi) 



(A-2-19) 



Althougli the equations appear to be somewhat complicated at this 
point, it is vrorthy to consider the long vravelength Limit of th.elr 
form, i. e. kb and kd << 1. This reduces tho complerdLty of th.o rathe- 




I 
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mtics considoi'ably. Equation (A-2-17), (A-2-18), and (A-2-19) 
reduce to‘ 



< p > = G 0^^ b^' 



8 a^ €^2 + b^] 



(A-2-20) 



®opt “ 



(A-2-21) 



<P,> 

1 max 



cr 2 , 

tj a b 

16 



(A-2-22) 



The total maxiinun po;re 2 * output of a chamber of length I- t-ri.ll be 
equal to 



<P,> 

1 max 



= <102 



(i) a b L 
lo 



(A-2-23) 



However, this expression should also be corrected for the area 
efficiency mentioned in Appendix A I, 



<P^> 



t 

r?!ax 



= ^Jl>mx‘na 




Cl) a b c N 

16 € 

o 



(A-2-24) 



<P^> 

1 max 



K ( t / u 



(A-2-25) 



APEEKDIX A HI 

DETERI^MATIOM CF AN EQUIV.JIENT CIRCUIT KODEL 
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DeternirLation of an Equivalent Circuit Kodel 

Appendix A II developed the expression for the tiine average pouer 
delivered to the load per unit length. I'lanipulation of this povrer 
ejipression tn-ll yield correct dimensional quantities for infering an 
equivalent circuit for a per unit length. Equation (A-2-1?) in.ll 
serve as a basis for this development. 



<V = 



G 
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O-o 


sinh kb 


2 




2 k _ 




f... G - ) 


.2 


cosh2 k(b+d) + ( 


^ uac^ki 


f sinh^ kb cosh'^ kd 



Considering the long wa.velength limit , the equation reduces to the 
f ollotring ‘ . 



<P^> 



g[^o b 

2l2‘e^ 



2 






1 




(A->1) 



Multiplying the numerator by / w a \2 and noting that G = l/P. where 

i(o a/ 

R is the resistance per unit length in the X direction equation 
(A- 3-1) may be manipula.ted into the desired form. 
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i r 1 'p R 



2L~rj 




(A-3-2) 



R^ + r 1 



[oj c^Ca/b), 



Tho choice of an appropriate equivalent circuit is governed by 
the principle of duality. The circuit nodel for the basic AC synch- 
ronous generator utilizing magnetic fields is a voltage source in 
series ■with a synchronous inductive reactance and a load resis-tance. 
It appears reasonable that an appropriate circuit model for the EKD 
generator utilizing electric fields would be a dual ari'angemsnt 
employing a curi'^nt source in parallel ;ri.th a capacitive synchronous 
susceptance and a load conductance . To this end , consider tho 
follcr.dng circuit configuration and the expression for the po'^rer 







delivered to the load resistance. 
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<P^> 



1 ( Xj. Xj» ) 

2 



(A-3-3) 



ir 




zA 

Ci)C 

_i 

G)C 



(A-3“^) 




(A-3-5) 



By corparing equation (A-3-5) v.dth (A-3-2), the equivalence of terns 
caji be easily recognized. The analogy can be defined as foHov.’'s' 

• f 

Oq (j a — X 

€o(a/b) = C (-A-3-6) 

R = 

A conparison of the units of the terns defined in equation (A- 3 - 6 ) 

shox:s that ^ o) a has the dimensions of amperes per imit length, v.-hile 
2 

1 and" R have the dimension of ohms per unit length. There- 

to €o(a/M 

forei the equivalent circuit defining the time average pon-er delivez’od 
to a load resistance on a per unit length basis is depicted on the 
next page. 










R = 1/G 



I'iaxiKum power transfer in this model vri.ll occur ijhen the adnittancos 
are equal vrhich is eqviivalent to an impedance matching condition. 

That is 

R (0 C = 1 . (A-3-7) 

This is equivalent to equation (A-2-21) which states that 

<^opt = w(a/b) = o C . 

In order to obtain some feeling for the order of magnitude involved, 
consider the condition where a^ b, at a frequency of 60 cps. 

Gopt= €o“ = 2n X 60 X 1 

3^ TT X 10^ 

^opt ~ 3*33 X lO”^ mhos per meter. 

The standard electrode spacing utilized in the generator \7as one inch, 



therefore • 






r9- 



%pt /electrode ^ 



electrode 



,10 



^opt/electrode = 1.18 x 10-^ ohn 

electrode 



In addition, the circuit requires that Eaxirrum time average po’^Xir 
delivered per unit length be equal to 



<Pl>max = 

16 €o 

^jhich is identical to the maxiinuru power requirenrents of equation 
(A-2-22). 
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